An optical back propagation (OBP) technique using Raman pumped dispersion compensation fibers (DCF) is investigated to compensate for nonlinear impairments in WDM systems in real time. The proposed inline OBP module consists of an optical phase conjugator, amplifiers and a Raman pumped DCF. In order to suppress the nonlinear effects of the transmission fibers exactly, the power in the backpropagation fiber should increase exponentially with distance. This can be approximately achieved by using forward/backward Raman pumping of the dispersion compensating fiber (DCF). We introduce two configurations to realize the OBP. In this paper, we show that the OBP with forward/backward pumping provides 2.45 dB Q-factor gain compared to single-channel digital back propagation (DBP) when transmission distance is 1500 km for a WDM system with QAM-64. To minimize the variation of effective gain coefficient of the Raman pumped DCF as a function of distance, bidirectional pumping scheme which can provide the signal power profile closest to that required by the ideal OBP condition is proposed. The bidirectional pumping scheme provides a superior performance over forward/backward pumping and wideband DBP (i.e., DBP is applied on the entire WDM signal). Our numerical simulation results show that the bidirectional pumping scheme provides 7.6 dB and 5 dB advantage in Q-factor as compared to single-channel DBP and wideband DBP, respectively at a transmission distance of 5000 km. The maximum achievable reach of a long haul WDM system can be enhanced by 225% using bidirectional pumping scheme as compared to wideband DBP.
Introduction
The maximum reach of a fiber optic system is mainly limited by fiber nonlinear impairments which can be divided into two types: (i) deterministic (although symbol pattern dependent) nonlinear impairments that depend only on dispersion and nonlinearity such as self-phase modulation (SPM) [1] , intra-channel cross-phase modulation (IXPM) and four wave mixing (IFWM) [2] - [4] , and interchannel cross-phase modulation (XPM) and four wave mixing (FWM) [1] , [5] , [6] (ii) stochastic nonlinear impairments that depend on the interplay between nonlinearity, amplified spontaneous emission (ASE) and dispersion [7] - [9] . The compensation of these impairments can be divided into three types: (i) digital [10] - [23] , (ii) optical [24] - [32] and (iii) optoelectronic [33] , [34] . In digital back propagation (DBP), virtual fibers with negative dispersion, loss and nonlinear coefficients are realized in digital domain [10] - [14] . Although the DBP can compensate for deterministic nonlinear impairments, it cannot compensate for stochastic nonlinear impairments. Besides, it is currently limited to compensate for intra-channel nonlinear distortions only since in an optical network, a receiver does not have access to other channels that are dropped at other nodes [31] . In principle, the DBP can be used to compensate for inter-channel nonlinear distortion in a WDM point-to-point system [13] . However, it has not been implemented in real time due to limitations on computational resources and challenges to combine the outputs of many coherent receivers. In contrast, optical back propagation (OBP) can compensate for both intra-channel and inter-channel nonlinear impairments of a WDM system in real time [30] - [32] . In OBP, virtual fibers of DBP are replaced by real fibers/photonic devices. Since fibers with negative nonlinear coefficients do not exist, the optical phase conjugation (OPC) is used. An advantage of OBP technique is that it can partially compensate for stochastic nonlinear impairments if inline OBP is used [31] . However, there are a few hurdles to realize OBP in practical systems. First, photonic devices of OBP introduce losses and to compensate for losses, amplifier gain has to be increased leading to reduction in optical signal-to-noise ratio (OSNR). Second, in Refs. [30] - [32] dispersion-decreasing fiber (DDF)/dispersion-varying fiber (DVF) is proposed to realize ideal OBP. Although DDF-/DVF-based OBP provides significant performance improvement, the fabrication of DDF/DVF is difficult since dispersion of such fibers should vary as a function of propagation distance. In this paper, we propose a Raman amplified dispersion and nonlinearity compensating fiber to compensate for dispersion and nonlinearity of the transmission fiber. Unlike the DDF/DVF of Refs. [30] - [32] , the dispersion of the proposed fiber does not change as a function of its length; in fact, the commercially available dispersion compensating fiber (DCF) can be used for this purpose. The required signal power profile to mitigate the transmission fiber nonlinearity is achieved by adjusting the Raman pump power. We introduce two configurations. In configuration A, an inline OPC is used after the transmission fiber (TF), which is followed by a Raman-pumped DCF. As a result, the signal power in the DCF increases nearly exponentially with distance. To enhance the optical signal-to-noise ratio (OSNR), a second configuration is proposed in which the Raman-pumped DCF is placed as the first span followed by an OPC and the TF. The configuration B requires a fewer photonic devices and outperforms configuration A slightly. We also compare three types of pumping schemes: (i) forward, (ii) backward, and (iii) bidirectional. In the case of forward/backward pumping, the OBP scheme does not provide the exact nonlinearity compensation since the signal power evolution in the DCF deviates from the requirement of ideal OBP condition. This scheme provides a moderate performance improvement (≈ 2.45 dB) as compared to single-channel DBP at a transmission distance of 1500 km. However, when the bidirectional pumping is used, we found that the signal power evolution in the DCF is nearly the same as that required by ideal OBP condition. Our results show that the OBP scheme based on bidirectional pumping outperforms that based on forward/backward pumping by 6.8 dB in Q-factor when the reach is 5000 km. We also find that this bidirectional pumping OBP scheme outperforms single-channel DBP and wideband DBP by 7.7 dB and 5 dB in Q-factor, respectively. The superior performance of the proposed scheme over DBP is due to the fact that it partially compensates for stochastic nonlinear impairments as well. It is well-known that midpoint OPC can mitigate fiber dispersion and nonlinear impairments [24] , [25] and it has been demonstrated experimentally [26] , [29] . We note that the proposed scheme differs from midpoint OPC for the following reason. In midpoint OPC systems, the transmission fibers after the OPC mitigates the dispersion and nonlinearity effects of the fibers preceding the OPC, if there is a power symmetry about the point of phase conjugation. Although the midpoint OPC can provide significant performance improvement in point-to-point systems such as transoceanic systems, the performance improvement is marginal in optical networks due to the fact that amplifier spacings in North America vary from 50 km to 150 km randomly. As a result, the fibers following the OPC cannot mitigate the nonlinear effects of the fibers preceding the OPC exactly. Hence, there is a need to introduce a dedicated photonic device at each node (or inline) to compensate for the nonlinear impairments of the transmission fiber. The Raman amplified DCF proposed in this paper achieves this goal and the parameters of this sub-system can be tuned to achieve the desired nonlinearity compensation for the transmission fiber of arbitrary lengths.
Raman amplification in DCF has drawn significant attention in the past [35] - [38] owing to the fact that Raman gain efficiency of DCF is 7 to 10 times higher than standard single-mode fiber (SSMF). The Raman pumped DCF acts as an ampifier as well as the dispersion compensator [38] . The proposed Raman pumped DCF may be interpreted as an amplifier and compensator for both dispersion and nonlinearity.
The rest of the paper is organized as follows. In Section 2, conditions for ideal OBP are derived and Section 3 disscuses how to satisfy the OBP conditions using the Raman pumped DCF. The optimal pump ratio for the bidirectional pumping is calculated. Section 4 provides two system configurations and in Section 5, numerical simulation of these configurations for various pumping schemes is carried out. The Q-factor of the of the proposed schemes are compared with single-channel DBP and wideband DBP. The summery of the paper is provided in Section 6.
OBP Theory

Ideal Optical Back Propagation
Consider a single span of a transmission fiber (TF) of length L a . The propagation of the field envelope in a fiber in the absence of noise is described by the nonlinear Schrödinger equation (NLSE):
where
D and N denote the linear and nonlinear operators, respectively. Here, β 2 , α and γ represent dispersion, loss and nonlinear coefficients, respectively. The formal solution of Eq. (1) is
where M is the propagation operator,
Suppose the output signal of the transmission fiber which is described by Eq. (4) passes through an optical phase conjugator (OPC) (see Fig. 1 ). The conjugated signal becomes
Let the conjugated signal propagate through an OBP fiber (OBPF) with a propagation operator M . The purpose of OBPF is to compensate exactly for dispersive and nonlinear distortions caused by the TF. The output of OBPF,
is identical to the conjugated input signal q * (t, 0) only if M M * = I where I is the identity operator. Hence,
Thus, the OBP fiber is identical to the transmission fiber except its loss coefficient is −α. The input field envelope can be retrieved by taking the complex conjugate of the received signal in the electrical domain at the receiver. Eq. (7) with the propagation operator of M given by Eq. (8) is equivalent to
with q b (t, 0) = q * (t, L a ) and z b is the distance in OBPF. Eq. (10) describes the evolution of the optical signal in OBPF. Let
where P i n,O B PF is the power launched to OBPF,
and P i n is the launch power to the TF. The reason for the exponential function in Eq. (11) is that the signal power in the OBP fiber increases exponentially with distance. Also, for later convenience, we use the following transformation
Using Eqs. (11) and (13) , Eq. (10) may be rewritten as
Eq. (14) describes the field propagation in an ideal fiber with a negative loss coefficient α (or equivalently the power increasing with distance) which exactly compensates for dispersion and nonlinearity of the TF. We note that this ideal fiber (OBPF) with negative loss coefficient does not exist. In Ref. [30] , the characteristics of the ideal fiber is realized using a DDF. In this paper, we investigate the possibility of realizing it using a dispersion compensation fiber (DCF) with distributed Raman amplification.
Ideal OBP Using Distributed Amplification
To derive an equivalent way of realizing the ideal back propagation equation (Eq. (14)), let the output signal of the OPC, q b (t, 0) = q * (t, L a ), propagate through a DCF whose effective loss profile is a function of distance α d (z d ), where z d is the distance in DCF (see Fig. 2 ).
Using transformations
and Eq. (1) that describes the optical field envelope in this fiber can be rewritten as
where β 2,d and γ d are the dispersion and nonlinear coefficients of the DCF, respectively, and P i n,d is the launch power to the DCF. Eqs. (17) and (14) are identical only if
and
Substituting Eqs. (16) and (13) in Eq. (18), we obtain
where c is a constant. Putting z d = 0 when z b = 0 yields c = 0. Integrating Eq. (21), we find the length of the DCF as
It may be noted that the length of the ideal OBPF is the same as that of the TF (i.e., L a ) whereas the length of the DCF (i,e., L d ) could be much smaller if |β 2,d | |β 2 |. Next, the constraints of Eq. (19) may be broken down into the following two constraints,
From Eq. (24), we see that if β 2,d = β 2 and γ d = γ, the launch power to the DCF is simply the output of the TF. Eq. (23) can be satisfied only if α d is constant, i.e.,
Using Eq. (21), we obtain an expression for the effective loss coefficient of DCF to have the ideal OBP as
In Section 3, we discuss how to realize the effective loss/ gain coefficient α d of DCF for various pumping configurations. For simplicity, we have based our analysis on the scalar nonlinear Schrödinger equation (NLSE). However, the results are also applicable for the case of dual polarization when the polarization mode dispersion (PMD) is ignored. In fact, our simulations in Section 5 consider dual polarizations.
Raman Pumping
Forward Raman Pumping
The evolution of the signal and pump powers in the DCF for the forward pumping scheme is governed by [1] , [6] 
where g R is the Raman gain coefficient; P , A , α and ω denote the power, effective cross-section, loss coefficient and angular frequency, respectively, and the subscripts p and s denote the pump and the signal, respectively. If the depletion of the pump due to the transfer of power to the signal (first term on the right hand side of Eq. (28)) is ignored, the solution of Eq. (28) under this approximation is
where P + p (0) is the input pump power. Substituting Eq. (29) in Eq. (27) and solving for P s , we find [1] , [6] 
Eq. (30) may be rewritten as
At z d = L d , the effective gain coefficient is
where L eff = z + eff (L d ). When z b = L a , z d = L d and from Eq. (23), we find that one of the requirements for the ideal OBP is
Simplifying Eq. (35), we find an expression for the input pump power as
Taylor expansion of Eq. (31) yeilds
If α p z d 1, we find z + eff ≈ z d . Under this approximation, we have
Eq. (26) provides the effective loss coefficient required for the ideal OBP. Hence, equating Eqs. (38) and (26), we obtain
If α p L d 1, the variation of g eff as a function of z d is very small and the ideal OBP condition of Eq. (39) can be approximately realized. So, to make this approximation more accurate, we would like to keep the length of DCF, L d small. If we choose the DCF that has larger |β 2,d | as compared to that of the TF, the required length L d becomes smaller (see Eq. (22)).
In our simulations (see Section 5), we have used L d = 3.077 km and for such a short length, we found that the signal power evolution given by Eq. (30) obtained by the pump undepletion approximation is reasonably accurate. We have solved the nonlinear coupled equations (27) and (28) numerically, and found that the maxmimum discrepancy between the signal power obtained by the numerical solution and Eq. (30) is ≈ 0.18 dB.
Due to the difference in dispersion and nonlinear coefficients between TF and DCF, the launch power to the DCF should be adjusted in accordance with Eq. (24) . So, we introduce a pre-amplifier with gain G p re (see Fig. 2 ) which can be adjusted so that the one of the OBP conditions (Eq. (24)) is satisfied.
Backward Raman Pump
Under the undepleted pump approximation, the evolution of the signal and pump powers in the DCF are given by [1] 
where P s0 is the signal power at z d = 0 and P − p 0 is the pump power injected at z d = L d . Proceeding as before, the required pump power P − p 0 is found to the be same as that for forward pumping case (see Eq. (36)). If α p z d 1, z − eff ≈ z d and in this case the effective gain coefficient becomes constant as required by the ideal OBP condition (Eq. (26)).
Bidirectional Pumping
We assume that there are two pumps, one co-propagating with the signal and the other counterpropagating (see Fig. 2 ). Under undepleted pump approximation, the evolution of signal is given by
where P + p 0 = P + p (0) is the input power of the co-propagating pump and P − p 0 = P − p (L d ) is the input power of the counter-propagating pump.
Using Eqs. (23), (25) , (31) and (42), one of the requirements for the ideal OBP is
. Simplifying Eq. (44), we obtain
where P P 0 is the total input pump power. Comparing Eqs. (36) and (45), we find that the sum of the input pump powers is the same as the input pump power of the case of the forward (or backward) pumping only.
Let the ratio of the input backward and forward pump powers be ζ, i.e., ζ =
. Since the total input pump power P p 0 is fixed (it should satisfy Eq. (45)), we have only one degree of freedom in the design of bidirectional pumping scheme, namely, the pump power ratio, ζ, which is optimum if the deviation of signal power profile from the ideal case (as required by the ideal OBP conditions, Eqs. (25) and (26)) is minimized. So, we consider the following optimization problem,
where the error e is
, P s (z d ) is given by Eq. (43) and Fig. 3 shows the error as a function of ζ. As can be seen, the error i.e., the deviation of the actual power profile from the ideal power profile is minimum when the input forward and backward pump powers are equal (ζ = 1). Fig. 4 shows the normalized signal power profile for forward/backward pumping only and bidirectional pumping cases. In the case of bidirectional pumping, we assume that the pump power ratio, ζ to be unity. As the length of the DCF is short, signal power profiles are close to exponential profiles. However, for the longer length of a Raman pumped fiber (e.g., L d = 50 km), for example, using the forward pumping scheme, signal power increases nearly exponentially at the beginning and then starts decreasing due to the signal loss and pump depletion. Fig. 4 also shows the evolution of the signal power corresponding to the ideal case as required by OBP condition (Eq. (26)). As can be seen, in the case of forward power pumping, the power in the DCF exceeds that required by the ideal OBP whereas in the case of backward pumping, it is lower than that required by the ideal OBP. When bidirectional pumping with an optimum power ratio ζ = 1 is used, the power profile is closest to that required by the ideal OBP.
When ζ = 1, Eq. (43) may be written as
Next, we show that the second order term in z d in the expansion of the z eff can be made significantly smaller using bidirectional pumping with ζ = 1 so that z eff is nearly equal to z d , which is the requirement for the ideal OBP. Expanding exponential functions in Eq. (48) using Taylor series yields
where x = α p L d . For example, when α p = 0.138 km −1 , L d = 3.077 km and x = 0.425. The coefficient of α p z 2 d in Eq. (49) is −0.087 whereas it is −0.5 for the case of of the forward pumping (see Eq. (37)). Thus, theres is a 82% reduction in the second order term in z d using the bidirectional pumping. Hence, we expect that the OBP with bidirectional pumping shows better performance. In the Section 5, we find that the transmission performance improvement brought by OBP depends mainly on how close the signal power profile is to the ideal profile.
Ref. [39] uses bidirectional Raman pumps for 400 Gb/s PM-16QAM transmission over 1504 km over Verizon network fiber deployed around Dallas. The backward Raman module consists of pump wavelengths in the range of 1420 nm to 1500 nm and the forward Raman module includes 3 pump wavelengths (1420 nm-1480 nm). Multiple pump wavelengths are used for the purpose of gain flattening. Ref. [40] describes the bidirectional distributed Raman amplification scheme for 83.32 km SSMF in which the backward Raman pump is at 1365 nm and the forward Raman pump module consists of two pumps at 1365 nm and 1455 nm which are combined with the signal using a WDM coupler. The pump at 1455 nm is obtained by backward pumping a separate 10 km SSMF with a 1365 nm pump. Ref. [41] implements the bidirectional Raman pumping scheme over 84 km NZDSF in a WDM-PON system. Both forward and backward Raman pump modules use two pump wavelengths 1450 nm and 1460 nm, and provide a gain of ≈20 dB.
Generally, WDM couplers are used for multiplexing the pumps and the signal at the fiber input and output ends, and isolators are placed at both ends. More details on the implementation of bidirectional pumping can be found in Refs. [39] - [41] 
OBP Configurations
We consider two OBP configurations (see Fig. 5 ). In configuration A, the OBP module postcompensates the dispersive and nonlinear effects of the TF whereas in configuration B, the OBP module pre-compensates it. Eq. (24) may be written as
where F TF is the loss due to the TF and G p re = 10 × log 10 γ γ d
From Eq. (50), we see that the launch power to the DCF, P i n,d should be larger than the output of the TF. As a result, in configuration A, we need to amplify the output of the TF by G p re . Besides, OPC introduces a loss around 8 dB [31] . So, we need an amplifier, EDFA 2 with gain G 2 to compensate for the OPC loss (F 2 ). In order to meet the requirement of the ideal OBP, the Raman pumped DCF should provide a gain that is equal to loss of the TF. So, we are forced to introduce an attenuator, F 3 to compensate for the gain of the pre-amplifier (EDFA 1). So, the additional amplification by EDFA 1 to satisfy the OBP condition and the subsequent attenuation to compensate for it, leads to degradation in optical signal-to-noise ratio (OSNR). This problem can be solved by using configuration B in which the Raman pumped DCF precedes the TF. The theory of OBP developed in Section 2 are applicable to this configuration as well. Next, we consider the power evolution in configuration B. Since the loss due to the TF (F TF ) is equal in magnitude to the net gain provided by the Raman amplification (G R ), but opposite in sign, Eq. (50) may be rewritten as
where P out,d is the output of DCF. From Eq. (52), we see that the input of the TF should be lower than the output of DCF by G p re (dB). This means that we need to introduce attenuation after the DCF. Since the OPC introduce a loss which is of the order of G p re (dB), it acts as the required attenuation and thereby, eliminates the need for the pair of amplification and attenuation required in configuration A. The OSNR in configuration A is calculated as follows:
where P i n is the output power of transmitter,
n s p ,E D FA is the spontaneous factor of EDFA, G 1 , G 2 , G R and F 3 are the gains of EDFA 1, EDFA 2, Raman amplification and the loss due to the attenuator, respectively, and f = 12.49 GHz.
where n s p ,R is the spontaneous factor of Raman amplifier. We have modeled distributed Raman amplification as a superposition of N R discrete tiny amplifiers with gain G k (see Section 5) . The OSNR in scheme B is also calculated as follows:
For example, when transmitter output power, P i n = −10 dBm, OSNR after N = 30 spans is 19.1 dB and 22.8 dB for configuration A and configuration B, respectively. Therefore, we expect the configuration B to show better performance over configuration A in the linear regime. However, in nonlinear regime (higher launch power), we cannot conclude which which configuration works better. Hence, we perform the numerical simulation of various OBP schemes in the next section.
Simulation Results
A 5-channel dual-polarization (DP) WDM fiber optic system is simulated using the following parameters: channel spacing = 50 GHz, symbol rate per channel = 28 Gsymbols/s, modulation = 64 quadrature amplitude modulation (QAM). The raised cosine pulses with a roll-off factor 0.2 is used. Number of symbols/channel simulated is 4096 and the computational bandwidth = 560 GHz. The transmission fiber is Corning's Metrocor fiber whose dispersion, loss and nonlinear coefficients are β 2 = 8 ps 2 /km, α = 0.2 dB/km and γ = 2.2 W −1 km −1 , respectively. TF length, L a = 50 km. For the DCF, β 2,d = 130 ps 2 /km, loss coefficient at signal wavelength (1550 nm), α s = 0.4 dB/km, γ d = 4.86 W −1 km −1 , and L d = 3.077 km. For the proposed technique, it is required that dispersion coefficient of TF and DCF have the same sign. The commercially available DCFs have large normal dispersions and hence Corning's Metrocor fiber is used as a transmission fiber whose dispersion is normal. The proposed approach could be adapted to anomalous dispersion regime without any changes if DCFs with large anomalous dispersion coefficients are available. It may be possible to fabricate DCFs with large anomalous dispersion, but it was not attempted mainly because the standard single-mode fibers (SSMF) have anomalous dispersion in the C-band. It may also be possible to develop Silicon Photonics based nonlinear waveguides with very large anomalous dispersion which could be a substitute for the DCF in the proposed technique.
The pre-amplifier gain, G p re = 8.67 dB. We assume the signal loss due to OPC is 8 dB. The OPC can be realized by four-wave mixing (FWM), stimulated Brillouin scattering (SBS) or stimulated Raman scattering (SRS). The OPC is typically realized using highly nonlinear fibers (HNLF) with one or two laser pumps. The nonlinear mixing of the signal and the pumps produces a four wave mixing sideband which is proportional to the signal conjugate. More details about the OPC modeling can be found in Ref. [31] , in which the non-ideal effects are also considered. The noise figure of EDFA (i.e., inline amplifiers/pre-amplifiers) is 4.77 dB. For a Raman pump, loss coefficient at pump wavelength (1450 nm), α p = 0.6 dB/km, g R /A p = 2.2 W −1 km −1 , and spontaneous noise factor n s p ,R = 1.1. Total input Raman pump power, P p 0 = 26.7 dBm which is fixed for all three pumping schemes. The pumps have a RIN of −155 dB/Hz [42] . The DCF is divided into N R = 2000 segments, which corresponds to a step size of 1.5 m. The Raman gain over a segment is determined by Eqs. (30) , (41) and (43) for forward, backward and bidirectional, respectively. A tiny discrete amplifier is introduced at the end of the segment k with ASE power spectral density given by ρ A SE ,R = n s p ,R hf (G k − 1), where G k is the gain of the kth discrete amplifier. As a sanity check, we changed the step size to 1 m and 0.5 m, and found that the BER remains constant. Fig. 6 shows the gain of the tiny amplifiers, G k as a function of the DCF length. As can be seen, the gain is nearly constant as a function of length for the bidirectional scheme (as required by the OBP condition, Eq. (26)). This can be qualitatively understood as follows. For the case of forward pumping, the gain is higher at the beginning (z d 0) and it decreases at larger distance due to pump attenuation. In contrast, for backward pumping, the gain is higher near the end (z d L d ). When bidirectional pumping is used, the gain becomes nearly equal throughout the length of DCF. Total gain provided by the Raman amplifier is 11.23 dB.
We do not intend to make a rigorous modeling of Raman amplifier taking into account the effects such as reflection and single/double Rayleigh scattering which may cause the weekly reflected light oscillating and amplified between two pumping points (in the case of bidirectional pumping) since our primary focus is to model the entire fiber optic link; instead, we focused only on the dominant effects such as gain and ASE. This is similar to our EDFA modeling which includes only gain and ASE. The signal propagation in fiber is modeled by Manakov equation [43] . The well-known split-step Fourier techniques [1] , [6] is used to solve Manakov equation.
To compare the performance of the schemes discussed in Section 3, we study the performance in terms of Q-factor. The Q-factor is calculated using [6] ,
where the BER is the bit error rate computed by the error counting. We compute the mean BER of 10 statistical runs of the fiber optic system and use it in Eq. (59) to calculate the Q-factor. Fig. 7 shows the Q-factor of the central channel as a function of transmitter output power when the transmission distance is 1500 km. At low powers, configuration B shows performance advantage over configuration A which can be attributed to higher OSNR. We can also see that both forward and backward pumping schemes show almost the same performance in the linear region which is due to the fact that for a short length of Raman pumped fiber, overall noise figure is almost the same for both pumping schemes, although for a longer length of the fiber, overall noise figure depends on the pumping scheme [44] . From Fig. (7) , it can be seen that for both configurations, backward pumping has a sligthly better performance than forward pumping in the nonlinear region (≥ 0 dBm). This can be explained as follows. The compensation of the nonlinear distoritions caused at the beginning of the transmission fiber span (z 0) is more important than at the end of the span (z L a ) since the power is higher at the beginning. The end section of the DCF (z d L d ) is responsible for the compensation of the nonlinear distortions occurring at the beginning of the TF (z 0). As shown in Fig. 4 , the signal power for the case of forward pumping is higher than the required power (as required by the ideal OBP condition) at the end section (z d L d ) and hence, it introduces more nonlinearity which leads to performance degradation as compared to backward pumping scheme. Both configurations provide roughly 2.5 dB Q-factor gain compared to single-channel DBP. At this distance, we find that the BER of a system with bidirectional pumping for a launch power of 2 dBm and above is below the detection limit; hence, we extend the reach further to be able to compare its performance with other compensation techniques. Fig. 8 shows the Q-factor of the central channel as a function of launch power to the TF when the transmission distance is 5000 km. In the case of single channel DBP, the central channel is demultiplexed at the receiver and the DBP is applied only to the central channel whereas in the case of wideband DBP, full field DBP [45] is applied to all the channels and after the DBP, the central channel is demultiplexed. At the lower launch powers (−8 to −4 dBm), the OBP and DBP schemes provide roughly the same performance since nonlinear impairments are not significant. However, as the launch power increases, the performance of forward/backward pumping schemes gets worse as compared to that of bidirectional Raman pumping scheme. This is because of the second and third order terms in z d in Eq. (37) which makes the effective loss/gain coefficient α d to deviate from the ideal OBP condition of Eq. (26). However, using the bidirectional pumping scheme, the performance can be significantly improved. From Fig. 8 , we see that the configuration B brings 0.4 dB advantage in Q-factor as compared to the configuration A using bidirectional pumping at the optimum launch power. Using configuration B, the bidirectional pumping scheme (with ratio ζ = 1) provides 6.8 dB improvement in Q-factor as compared to forward/backward pumping scheme. This significant improvement is attributed to the fact that the power profile in the bidirectional pumping scheme is close to the power profile required by the ideal OBP condition. The penalty due to RIN transfer from forward/bidirectional pumping can be neglected due to the high walkoff between pump and signal wavelength in the DCF [46] . As compared to single-channel DBP, OBP based on forward/backward pumping provides a performance advantage of 0.8 dB in Q-factor. At this distance, the wideband DBP has 2 dB performance advantage over OBP based forward/backward pumping scheme. However, wideband DBP requires extensive computational resources and there are technical challenges to combine the outputs of coherent receivers corresponding to different channels. Hence, wideband DBP is not implemented in real time in practical systems. Besides, although in principle, wideband DBP can be used in point-to-point systems, it cannot be implemented in optical networks [31] . In contrast, the OBP schemes provide performance improvements in both point-to-point systems and optical networks. From Fig. 8 , we see that the OBP scheme with bidirectional Raman pumping provides 5 dB performance improvement over wideband DBP. This can be explained as follows. Although the wideband DBP compensates for deterministic (signal-dependent) nonlinear impairments, it cannot compensate for stochastic signal-ASE nonlinear impairments such as Gordon-Mollenauer phase noise [7] . However, the OBP scheme with bidirectional Raman pumping provides partial compensation of stochastic signal-ASE nonlinear interactions, since the OPC partially compensates for nonlinear phase noise [47] , [48] . Fig. 9 shows the minimum BER as a function of transmission distance. The minimum BER is obtained by optimizing the launch power for each distance. At the BER of 2.1 × 10 −3 , the transmission reach of single-channel DBP is about 500 km. OBP based forward/backward pumping scheme enhances the reach to 1150 km. The maximum achievable reach is further extended to 2000 km and 6500 km using wideband DBP and OBP based on bidirectional pumping, respectively.
Conclusion
We have investigated an optical back propagation technique to compensate for the dispersion and nonlinearity of the transmission fibers in real time. We have identified the conditions under which the nonlinear effects (both intra-and inter-channel nonlinearities) can be fully compensated and obtained an analytical expression for the power profile of the signal propagating in Raman pumped DCF which provides the exact compensation of intra-and inter-channel signal-signal nonlinear impairments. Two possible configurations to implement the OBP are introduced and compared. We have studied a WDM system with 64-QAM format and showed that for 1500 km transmission distance, OBP based forward/backward Raman scheme brings 2.45 dB Q-factor gain as compared to single-channel DBP. However, wideband DBP (which compensates for all WDM channels) outperforms the OBP based on forward/backward pumping. This is because of the signal power profile in the DCF deviates from the ideal OBP condition due to the pump loss. Therefore, we proposed a third OBP scheme based on bidirectional pumping. We found that the signal power profile deviation from the ideal OBP profile is minimum when the forward and backward pump power are equal. Using this optimized pump powers, OBP based on bidirectional pumping outperforms that with forward/backward pumping. For 5000 km transmission distance, the performance of the proposed OBP schemes are compared with wideband DBP and single-channel DBP. Bidirectional pumping provides 5 dB performance advantage over wideband DBP. This is due to the fact that the OBP can also provide partial compensation for stochastic nonlinear impairments whereas wideband DBP despite its high complexity cannot. Simulation results show that the transmission reach can be enhanced roughly by a factor of 2.4 using the OBP based on forward/backward pumping and by a factor of 13 using the OBP based on bidirectional pumping, as compared to single-channel DBP.
